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© X-ray image intensifier and method of manufacturing input screen. 



® An X-ray image intensifier includes an input 
screen (26) for converting incident X-rays into 
photoelectrons. and an output screen for converting 
the photoelectrons into visible light. The input screen 
includes a phosphor layer (38). The phosphor layer 
has a large number of columnar crystals (33) of a 
phosphor which have end faces constituting a 
^smooth surface facing the output screen. A low- 
^ refractive-index layer (41) is formed on the phosphor 
layer and made of a material having a refractive 
q index smaller than a refractive index of the phos- 
QQphor, with respect to the light having a specified 
^wavelength, at which the fluorescence of the phos- 
Qphor is the most intensive. A photoemissive layer 
tf(43) is formed directly or indirectly on the low- 
_ refractive-index layer. 
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X-ray image intensifier and method of manufacturing input screen 



The present invention relates to an X-ray im- 
age intensifier and, more particularly, to an X-ray 
image intensifier having an improved input screen 
and a method of manufacturing the input screen. 

An observation system generally includes an 
X-ray tube and an X-ray image intensifier arranged 
in front of the X-ray tube. An object to be imaged 
is placed between them. When X-rays emitted from 
the X-ray tube are transmitted through the object, a 
modulated X-ray image is formed. The X-ray image 
is incident on the X-ray image intensifier. A visible 
output image obtained by the X-ray image intensi- 
fier is then imaged by, e.g., an imaging camera 
and is reproduced by a monitor TV. 

The X-ray image intensifier has an input screen 
and an output screen located to oppose the input 
screen, in an operation, a modulated X-ray image 
incident on the image intensifier is converted into a 
photoelectron image by the input screen. This 
photoelectron image is accelerated and focused 
toward the output screen. As a result, a visible 
output image with an enhanced brightness is ob- 
tained. The output image is observed through an 
imaging camera or the like. 

The input screen of a conventional X-ray image 
intensifier comprises: a spherical aluminum sub- 
strate having a smooth surface; a first phosphor 
layer formed on the concave surface of the sub- 
strate by vapor deposition at a low vacuum and 
having sodium-activated cesium iodide (Csl) as a 
major element; a second phosphor layer formed on 
the first phosphor layer by vapor deposition at a 
high vacuum; and an intermediate layer and a 
photoemissive layer sequentially formed on the 
second phos-phor layer. The first phosphor layer 
as the major component of a phosphor layer is 
constituted by an aggregate of columnar crystals 
each of which is grown perpendicular to the sub- 
strate and has an average diameter of about 5 urn 
and a length of about 400 am. The respective 
adjacent crystals are separated from each other 
with small gaps. 

Since the distal ends of these columnar cry- 
stals are tapered to have a conical shape, the first 
phosphor layer has a rough surface. In contrast to 
this, the second phosphor layer, which is formed 
on the surface of the first phosphor layer so as to 
have a thickness of 10 to 30 urn and constitutes an 
outer layer of the phosphor layer, has a relatively 
continuous surface. For this reason, the intermedi- 
ate layer and the photoemissive layer formed on 
the second phosphor layer can ensure electrical 
conduction in a direction parallel to their surfaces. 

In the observation system using the X-ray im- 
age intensifier having the above-described arrange- 



ment in order to minimize exposure of the object 
to X-rays, the X-rays transmitted through the object 
must be applied to the phosphor layer without a 
loss so that the absorption amount of X-rays in the 

5 phosphor layer is increased. In order to increase 
the absorption amount of X-rays in the phosphor 
layer, each columnar crystal of the phosphor 
should preferably be lengthened. However, if the 
length of each columnar crystal is increased, so 

w that, the amount of fluorescence propagating from 
the side surface of one crystal to another in- 
creases. As a result, the resolution of the image 
intensifier lowers. Therefore, the columnar crystals 
cannot be made very long, and are limited to a 

75 length of 400 urn or thereabout. 

More specifically, assume that an X-ray image 
is incident on the input screen, and X-rays are 
absorbed at a point A in one of the columnar 
crystals of the phosphor layer so that fluorescence 

20 is emitted from the point A. Of the rays radiating 
from the point A in various directions, a ray R1 
which is incident on the interface between the 
columnar crystal and an adjacent gap at an angle 0 
larger than a critical angle 0c (= 33* when the 

25 refractive index of the Csl phosphor is set to be 
1 .84) which is defined as 

0c = sin" 1 (1 /refractive index) propagates in the 
crystal to . the photoemissive layer while repeating 
totally reflection at the interface. 

30 Rays which are incident on the interface at an 

angle. 0 smaller than the critical angle 0c are suc- 
cessively diffused and propagate in the adjacent 
columnar crystals. Of these rays, a ray R2 which 
propagates to the photoemissive layer side is in- 

35 cident on the photoemissive layer at an angle a 
and at a position located far away from the emis- 
sion point A in the lateral direction of the phosphor 
layer. In contrast to this, a ray R3 which propagates 
from the emission point A to the substrate side is 

40 reflected by the interface between the substrate 
and the phosphor layer and is subsequently in- 
cident on the photoemissive layer at a position 
located farther away from the point A than the point 
on which the ray R2 is incident. 

45 The surface of the phosphor layer is rough in 

accordance with the sharp distal ends of the col- 
umnar crystals. For this reason, the incident angle 
a of the rays R2 and R3 with respect to the 
photoemissive layer are substantially 0*. so that 

so these rays are almost vertically incident on the 
interface between the phosphor layer and th 
photoemissive layer. Thus, these rays are incident 
on the photoemissive layer without being reflected 
by the interface. 

Fluorescent components represented by the 
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ray R1 propagate in the columnar crystals In which 
they are produced and reach the photoemissive 
layer without diffusing into other adjacent columnar 
crystals. Therefore, these fluorescent components 
hold incidence position data of X-rays with high 
precision. However, fluorescent components repre- 
sented by the rays R2 and R3 successively propa- 
gate in the adjacent columnar crystals. This lowers 
the precision of incident position data of X-rays on 
the input screen and the resolution thereof. 

The fluorescent components represented by 
the rays R2 and R3, as factors that lower the 
resolution, are increased with an increase in length 
of each columnar crystal. For this reason, as de- 
scribed above, the length of each crystal cannot be 
satisfactorily increased and is limited to about 400 
urn. 

The fluorescent components represented by 
the rays R2 and R3 are partially reflected in the 
opposite direction when they transmit through the 
interfaces between the crystals and the gaps, thus 
being gradually attenuated. Therefore, the attenu- 
ation amount of these components may be in- 
creased by decreasing the diameter of each col- 
umnar crystal to increase the frequency of reflec- 
tion of the components. In this case, the diffusion 
distance of the fluorescent components are de- 
creased, and a decease in resolution of the input 
screen may be suppressed. However, it is con- 
firmed that even if the diameter of each columnar 
crystal is reduced to about 5 urn or less, an effect 
of improvement exhibits saturation at a certain 
point 

In addition, it is known that a light-absorbing . 
layer is formed between a phosphor layer and a 
substrate in order to improve the resolution of the 
input screen. However, in a phosphor layer con- 
stituted by columnar crystals each having a small 
diameter of about 5 urn, the MTF characteristics of 
the input screen with a light-absorbing layer exhibit 
only a slight improvement as compared with that of 
an input screen without a light-absorbing layer, and 
any satisfactory effect cannot be obtained. 

The present invention has been made in con- 
sideration of the above situation, and its object is to 
provide an X-ray image intensifier which includes 
an input- screen having a phosphor layer consti- 
tuted by an iaggregate of phosphor columnar cry- 
stals and which has greatly improved resolution 
characteristics, and a method of manufacturing the 
input screen of the X-ray image intensifier. 

In order to achieve the above object, according 
to an X-ray image intensifier of the present inven- 
tion, a large number of columnar crystals of a 
phosphor constituting an input screen have flat 
distal end portions which constitute the upper sur- 
face of a phosphor layer. A low-refractive-index 
layer is formed on the upp r surface of the phos- 



phor layer. The low-refractive-index layer formed of 
a material having a refractive index smaller than 
that of the phosphor, with respect to the light 
having a specified wavelength, at which the fluores- 

5 cence of the phosphor is the most intensive. 

According to the X-ray image intensifier having 
the above-described arrangement, fluorescent com- 
ponents, which are emitted from an emission point 
in one columnar crystal of the phosphor layer and 

70 successively propagate in the adjacent columnar 
crystals, are reflected by the interface between the 
phosphor layer and the low-refractive-index layer. 
Therefore, incidence of these fluorescent compo- 
nents on a photoelectric layer can be prevented, 

75 thereby suppressing degradation in the resolution 
of the X-ray image intensifier. 

Further, according to the present invention, a 
light-absorbing layer for absorbing at least some of 
fluorescent components may be formed on the 

20 incidence surface side of the phosphor layer, i.e., 
the surface opposite to the surface on which the 
low-refractive-index layer is formed. 

In this case, fluorescent components, which are 
reflected by the interface between the phosphor 

25 layer and the low-refractive-index layer and reach 
the light-absorbing layer, and fluorescent compo- 
nents propagating from the emission point to the 
light-absorbing layer can be efficiently absorbed 
and eliminated by the light-absorbing layer. 

30 This invention can be more fully understood 

from the following detailed description when taken 
in conjunction with the accompanying drawings, in 
which: 

Figs. 1 and 2 show an X-ray image intensifier 
35 according to a first embodiment of the present 
invention, in which 

Fig. 1 is a partially cutaway side view show- 
ing a schematic arrangement of an object observa- 
tion system including the X-ray image intensifier. 
40 and 

Figs. 2 is an enlarged sectional view of an 
input screen of, the X-ray image intensifier; 

Fig. 3 is an enlarged sectional view of an 
input screen of an X-ray image intensifier accord- 
45 ing to a second embodiment of the present inven- 
tion; 

Fig. 4 is a graph for comparing the MTF 
characteristics of the input screens of the X-ray 
image intensifies according to the first and second 
so embodiments with those of an input screen of a 
conventional X-ray image intensifier; 

Fig. 5 is a graph for comparing the MTF 
characteristics of the X-ray image intensifies ac- 
cording to the first and second embodiments with 
55 those of the conventional X-ray image intensifier; 

Figs. 6 to 8 show an X-ray image intensifier 
according to a third embodiment of the present 
invention, in which 
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Fig. 6 is a sectional view of a mold for 
manufacturing a phosphor layer of the X-ray image 
intensifier, 

Fig. 7 is an enlarged sectional view of an 
input screen of the X-ray image intensifier, and 

Fig. 8 is an enlarged plan view of a surface 
of the input screen; and 

Fig. 9 is an enlarged sectional view of an 
input screen of an X-ray image intensifier accord- 
ing to a fourth embodiment of the present inven- 
tion. 

Embodiments of the present invention will be 
described in detail with reference to the accom- 
panying drawings. 

Fig. 1 shows an object observation system 
including an X-ray image intensifier according to a 
first embodiment of the present invention. 

The X-ray image intensifier includes a vacuum 
envelope 21. The envelope 21 comprises: a sub- 
stantially cylindrical metallic barrel portion 23; a 
spherical input window 22 airtightly sealed on one 
end of the barrel portion and consisting of a metal 
permeable to X-rays; a funnel-shaped seal member 

24 of Kovar one end of which is airtightly sealed on 
the other end of the barrel portion; and a glass 
output window 25 sealed on the other end of the 
seal member. 

An input screen 26 having a phosphor layer 
and a photoemissive layer (to be described later) is 
arranged on the inner side, i.e., the concave sur- 
face side of the input window 22. In addition, an 
output screen 27 having a phosphor layer is 
formed on the inner surface of the output window 

25 so as to oppose the input screen 26. A focusing 
electrode 29 is arranged inside the barrel portion 
23, whereas an anode 28 is arranged inside the 
seal member 24 so as to oppose the output screen 
27. 

The observation system includes an X-ray tube 
10 arranged in front of the X-ray image intensifier. 
An object 12 to be imaged is placed between the 
X-ray tube 10 and the X-ray image intensifier. X- 
rays radiated from the X-ray tube 10 are transmit- 
ted through the object 12 to form a modulated X- 
ray image. This X-ray image is transmitted through 
the input window 22 of the X-ray image intensifier 
and is incident on the input screen 26. The incident 
X-ray image causes the phosphor layer of the input 
screen 26 to produce fluorescence. The fluores- 
cence then causes the photoemissive layer to gen- 
erate photoelectrons. Thus, the X-ray image is con- 
verted into a photoelectron image. The photoelec- 
tron image is accelerated and focused by the an- 
ode 28 and the focusing electrode 29, and subse- 
quently reaches the output screen 27, whereupon it 
is converted into a high-luminance visible light im- 
age by the phosphor layer. 

The input screen 26 of the X-ray image intensi- 
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fier will be described in detail. 

As shown in Fig. 2. the input screen 26 in- 
cludes a substrate 31 having a concave inner sur- 
face and formed of, e.g., a thin aluminum plate, 

5 and a light-absorbing layer 32 formed on the inner 
surface of the substrate 31. In this embodiment, as 
the light-absorbing layer 32, an Ni-Cr alloy deposi- 
tion film having a thickness of 200 A is used. This 
light-absorbing film has an absorptance of about 90 

w to 95% for the fluorescence. 

A large number of columnar crystals 33 con- 
stituted by cesium iodide (Csl) activated by sodium 
(Na) are formed on the light-absorbing layer 32. An 
aggregate of the crystals 33 constitutes a first 

75 phosphor layer 36. The columnar crystals 33 ex- 
tend from a surface of the light-absorbing layer 32 
toward the center of curvature of the substrate 31 . 
Gaps 34 of a width required for optically separation 
between the crystals are defined between the re- 

20 spective adjacent crystals 33. The distal end por- 
tion of each crystal 33, i.e., each top portion 35, 
located on the opposite side to the substrate 31, is 
flattened to have a larger diameter than other por- 
tion of the crystal. For this reason, the top portions 

25 35 of the adjacent columnar crystals 33 are in tight 
contact with each other so as to constitute a con- 
tinuous surface. Therefore, the upper surface of the 
first phosphor layer 36, which is constituted by the 
upper surfaces of the top portions 35, has a sub- 

30 stantially mirror-like state. 

The following method is used to flatten the top 
portions 35 of a large number of columnar crystals 
33, thereby forming a continuous surface. One 
method is a tumbling method, for example, wherein 

35 a large number of small metal balls of stainless 
steel or the like are placed on a large number of 
columnar crystals formed by vapor deposition, and 
these small balls are then horizontally oscillated to 
depress the top portions of the crystals, thereby 

40 flattening and transforming them into large -diam- 
eter portions. In this case, in order to prevent 
degradation in optical characteristics of the phos- 
phor layer 33, the force acting on the crystals 33 in 
the longitudinal direction thereof during machining 

45 is preferably limited to a small value so as to 
prevent adverse influences on portions located 10 
urn or more deep from the surface of the first 
phosphor layer 36. 

As described above, the top portions 35 of the 

so columnar crystals 33 are horizontally extended to 
be increased in diameter and flattened upon recep- 
tion of an external force in the horizontal direction. 
As a result, the gaps like pinholes between the 
adjacent top portions 35 are extremely reduced. 

55 substantially to zero. 

A second phosphor layer 37 formed of a 
sodium-activated cesium iodide phosphor and hav- 
ing a continuous surface is formed on the surface 

4 
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of the first phosphor layer 36 by high-vacuum 
deposition so as to have a thickness of 5 urn. A 
phosphor layer 38 is constituted by the first phos- 
phor layer 36 as the major element and the second 
phosphor layer 37 as an outer layer of the phos- 
phor layer 36. As described above, the surface of 
the second phosphor layer 37 is superior in flat- 
ness to that of the first phosphor layer 36 which is 
flattened by tumbling, and is a substantially mirror 
surface. 

A low-refractive-index layer 41 formed of, e.g., 
Si02 is deposited on the surface of the seconcK 
phosphor layer 37 to a thickness of about 2 ixm. 
The layer 41 is made of a material having a smaller 
refractive index than that of the phosphor constitut- 
ing the phosphor layer 38, with respect to the light 
having a specified wavelength, at which the fluores- 
cence of the phosphor is the most intensive. A 
transparent conductive film 42 and a photoemissive 
layer 43 formed of, e.g., foCsSb are sequentially 
formed on the upper surface of the low-refractive- 
index layer 41. 

The operation of the X-ray image intensifier 26 
having the above-described arrangement will be 
described. 

Assume, as shown in Fig. 2, that X-rays are 
incident on the input screen 26 and absorbed at a 
point B in one of the columnar crystals 33 of the 
phosphor layer 38, and fluorescence is emitted 
from the point B. Of the rays emitted from the point 
B in various directions, a ray R1 which is incident 
on the interface between the columnar crystal 33 
and an adjacent gap 34 at an angle B larger than a 
critical angle ec defined as 
Be = sin" 1 (1 /refractive index) 
propagates in the crystal while being totally re- 
flected by the interface a plurality of times and 
reaches to the photoemissive layer 43 through the 
low-refractive-index layer 41 and the conductive 
film 42. 

Of the rays which are incident on the interface 
at angles B smaller than the critical angle ec, a ray 
R2 propagating toward the photoemissive layer 43 
successively diffuses into the adjacent columnar 
crystals 33, and is incident on a point C on the 
interface between the phosphor layer 38 and the 
low-refractive-index layer 41, which is located far 
away from the emission point B in the lateral direc- 
tion of the phosphor layer 38, at an angle a. 

In this case, since the surface of the phosphor 
layer 38 is formed into a substantially mirror sur- 
face, rf a relative refractive index Nr of th low- 
refractive-index layer 41 with respect to the phos- 
phor satisfies the following equation: 
Nr S sin(90* - 0c) = 0.839 (a), 
all the rays R2, which are incident on the interface 
between the columnar crystal 33 and the gap 34 at 
the the angel B < Be, are totally reflected at the 



point C and hence are not incident on the 
photoemissive layer 43. Each ray R2 totally re- 
flected at the point C successively diffuses into the 
adjacent columnar crystals 33 and is incident on 

5 the surface of the substrate 31 at the angle a. 
However, since the light-absorbing film 32 having a 
high absorptance of 90 to 95% for fluorescence is 
arranged between the substrate 31 and the phos- 
phor layer 38, the ray R2 is effectively absorbed by 

70 the film 32 and disappears. 

Note that a condition satisfying a refractive 
index N of the low-refractive-index layer 41 is re- 
presented by the following inequality according to 
equation (a): 

75 NS1.54 (b) 

The refractive index N of Si02 constituting the low- 
refractive-index layer 41 is about 1.49 and hence 
satisfies inequality (b). Therefore, the ray R2 is not 
incident on the photoemissive layer 43 and dis- 

20 appears. 

In contrast to this, a ray R3, which is emitted 
from the emission point B and diffuses toward the 
substrate 31. is absorbed by the light-absorbing 
layer 32 and disappears. 

25 As described above, fluorescent components 

represented by the rays R2 and R3, as factors 
causing degradation in resolution characteristics of 
the input screen 26, are eliminated without being 
incident on the photoemissive layer 43. As shown 

30 in Fig. 4, therefore, the MTF (Modulation Transfer 
Function) characteristics of the input screen 26 are 
greatly improved as compared with a conventional 
input screen. As shown in Fig. 5. thus, the MTF 
characteristics of the X-ray image intensifier having 

35 the input screen 26 are greatly improved as com- 
pared with the MTF characteristics of an X-ray 
image intensifier using a conventional input screen 
having a phosphor layer whose thickness is the 
same as that of the phosphor layer of the input 

40 screen 26. Referring to Figs. 4 and 5. curves A 
respectively represent the MTF characteristics of 
the input screen and of the X-ray image intensifier 
of the present embodiment; curves C, the MTF 
char-acteristics of a conventional input screen hav- 

45 ing no light-absorbing layer and of a conventional 
X-ray image intensifier and a curve D, the MTF 
characteristics of a conventional input screen hav- 
ing a light-absorbing layer. 

In this embodiment, even when the thickness 

so of the phosphor layer 38 was set to be 900 urn 
which is about 2.2 times that of a conventional 
phosphor layer in order to improve the absorption 
efficiency of X-rays, the MTF 

55 

Fig. 3 shows an input screen of an X-ray image 
intensifier according to a second embodiment of 
the present invention. In the second embodiment, 
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the structure of the input screen is the same as 
that of the input screen in the first embodiment, 
except that the light-absorbing layer 32 is omitted. 
Therefore, the same reference numerals in Fig. 3 
denote the same parts as in the first embodiment, 
and a detailed description thereof will be omitted. 

Similar to the first embodiment, in the second 
embodiment, of the rays which are emitted in var- 
ious directions from a point B in one of columnar 
crystals 33 of a phosphor layer 38, a ray R1 , which 
is incident on the interface between the columnar 
crystal and a gap 34 at an angle 6 larger than a 
critical angle 0c, propagates in the crystal while 
being totally reflected by the interface a plurality of 
times and reaches to a photoernissive layer 34 
passing through a low-refractive-index layer 41 and 
a conductive film 42. 

Of the rays which are incident on the interface 
at an angle d smaller than the critical angle 0c, a 
ray R2 propagating toward the photoernissive layer 
43 successively diffuses into the adjacent columnar 
crystals 33, and is incident onto a point C on the 
interface between the phosphor layer 38 and the 
low-refractive-tndex layer 41 at an angle S. All the 
rays R2 which are incident on the interface be- 
tween the columnar crystal .33 and the gap 34 at 
the angle 6 < 6c are totally reflected at the point C 
and hence are not incident on the photoernissive 
layer 43. The reflected rays R2 successively dif- 
fuse into the adjacent columnar crystals 33 and are 
incident on the upper surface of the substrate 31 at 
the angle a, where they are subjected to regular 
reflection. Subsequently, while repeating total re- 
flection at the low-refractive-index layer 41 and 
regular reflection at the upper surface of the sub- 
strate 31, the rays R2 are gradually attenuated due 
to the light absorbing effect of the phosphor layer 
38 and disappear. 

A ray R3 emitted from the emission point B 
and diffused toward the substrate 31 repeats regu- 
lar reflection at the substrate 31 and total reflection 
at the low-refractive-index layer 41 a plurality of 
times, and is finally attenuated and nullified in the 
phosphor layer 38. 

As described above, even in the second em- 
bodiment without a light-absorbing layer, the rate, 
at which fluorescence components, represented by 
the rays R2 and R3 causing degradation in the 
resolution characteristics of the input screen 26, 
are incident on the photoelectric surface 43. can be 
greatly decreased. Therefore, as indicated by a 
curve B in Rg. 4, the MTF characteristics of the 
input screen according to the second embodiment 
are greatly improved as compared with the MTF 
characteristics of the conventional input screen. As 
a result, referring to Fig. 5, the MTF characteristics 
of the X-ray image intensifier according to the 
second embodiment are greatly improved as COm- 
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pared with the conventional X-ray image intensifi r 
having the phosphor lay r whose thickness is th 
same as that of the phosphor lay r in the second 
embodiment. Note that even when the thickness of 

5 the phosphor. layer 38 was set to be 600 um which 
was about 1.5 times that of the conventional phos- 
phor layer, in order to improve the absorption effi- 
ciency of X-rays, the MTF characteristics of the 
input screen underwent no degradation. 

jo In the first and second embodiments, the con- 

tinuity and the denseness of the phosphor layer 38 
are improved, and the upper surface of the phos- 
phor layer 38 formed of the columnar crystals 33 is 
flattened. Although an improvement in continuity 

15 and denseness of the upper surface of the phos- 
phor layer 38 is useful to improve the sensitivity of 
the photoernissive layer 43, it is not an essential 
condition for an improvement in the MTF char- 
acteristics of the input screen 26, which is an 

20 object of the present invention. Only the flatness of 
the upper surface of the phosphor layer 38 is an 
essential condition. 

A method of flattening the upper surface of the 
first phosphor layer 36 formed of a number of 

25 columnar crystals 33 is not limited to the tumbling 
method, but the following methods can be used: a 
method of urging a woven or nonwoven fabric 
against the upper surface of the first phosphor 
layer 36 and sliding it thereon; a method of urging 

30 a rotating member such as a roller against the 
upper surface of the first phosphor layer 36; and 
various mechanical methods such as a shot blast- 
ing at low pressures, a press using a mold, and a 
grinding with a mechanical blade. Other methods - 

35 may be used as well: dissolving of only the upper 
surface of the first phosphor layer 36 by using a 
liquid capable of dissolving a phosphor; sputtering 
the upper surface by ion beams or a plasma; 
surface fusing by laser beams or electron beams; 

40 and hot-press using a mold. 

In the first and second embodiments, on the 
flattened upper surface of the first phosphor layer 
36, the second phosphor layer 37 formed of the 
same phosphor as the first layer 36 is deposited at 

45 a high vacuum. However, the second phosphor 
layer 37 may be formed of another phosphor ma- 
terial such as a Csl phosphor containing no Na. 
Further, the second phosphor layer 37 may be 
replaced by a layer formed of a material other than 

so a phosphor material, having a refractive index near 
the refractive index (1.84) of the Csl phosphor, e.g., 
Nal. Lil. MgO. Th0 2 . SiO. Al 2 0 3 . or CsBr. 

If the upper surface of the first phosphor layer 
36 is sufficiently flattened to form a substantially 

55 mirror surface, the second phosphor layer 37 may 
be omitted. 

Figs. 6 to 8 show a third embodiment of the 
present invention. 

6 
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The third embodiment differs from the first 
embodiment in part of the structure of the input 
screen and the method of manufacturing the input 
screen. 

The structure of the input screen will be de- 
scribed together with the method of manufacturing 
the same. 

As shown in Fig. 6, a stainless steel mold 50 is 
prepared. The mold 50 is formed in a predeter- 
mined spherical shape which is matched with the 
shape of an input screen 26 of an X-ray image 
intensifier and has a mirror-polished convex sur- 
face. 

The mold 50 is placed in a vacuum deporation 
system (not shown) in order to deposit a Csi/Na 
phosphor on the convex surface of the mold 50. 
With this process, a large number of Csl/Na phos- 
phor crystal particles 33a are deposited on the 
convex surface, as shown in Fig. 7. Then, a Csl/Na 
phosphor is deposited on these crystal particles 
33a, and columnar crystals 33 are grown on the 
crystal particles with projection portions of the cry- 
stal particles being used as seeds. As a result, a 
phosphor layer 38 formed of a large number of 
columnar crystals 33 and having a thickness of 
about 40 urn is formed. Note that the phosphor 
layer 38 is designed such that the columnar cry- 
stals 33 are optically isolated from one another 
through gaps 34. 

A light-absorbing layer 32 made of carbon and 
an Si02 coat 46 are sequentially formed on the 
phosphor layer 38 by an RF sputtering method. 

Subsequently, the mold 50 and a stacked layer 
48 constituted by the phosphor layer 38 and the 
like formed on the mold 50 are heated, so that the 
stacked layer 48 is separated from the mold 50 
due to the difference in thermal expansion coeffi- 
cient between the mold and the phosphor layer. In 
this case, since the strength of the phosphor layer 
38 is reinforced by the coat 46, destruction of the 
phosphor layer upon separation can be prevented. 

Note that the surface of the phosphor layer 38 
which is separated from the mold 50, i.e., a sepa- 
rated surface 38a is formed into a concave mirror 
surface in accordance with the mirror-polished con- 
vex surface of the mold 50. 

A low-refractive-index layer 41 made of. e.g., 
Si0 2 is formed on the separated surface 38a of the 
phosphor layer 38 so as to have a thickness of 
about 2 u.m. Thereafter, a transparent conductive 
film 42 and a photoemissive layer 43 formed of, 
e.g. K 2 CsSb are sequentially formed on the low- 
refractive-index layer 41-. 

As shown in Figs. 7 and 8, a plurality of pin- 
holes 45 are formed in the upper surface of the 
input screen 26 manufactured in the manner de- 
scribed above, because of the gaps 34 between 
the large number of columnar crystals 33 constitute 
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ing the phosphor layer 38. 

The operation of the input screen 26 having the 
above-described arrangement will be described. 
Assume, as shown in Fig. 7, that an X-ray 

5 image is radiated from the coat 46 side onto the 
input screen 26 and absorbed by the phosphor 
layer 38, and fluorescence is emitted from a point 
B in one of the columnar crystals 33 of the phos- 
phor layer 38. Of the rays which are emitted from 

70 the point B in various directions, a ray R1, which is 
incident on the interface between the columnar 
crystal 33 and a corresponding gap 34 at an angle 
e larger than the critical angle 0c, propagates in the 
crystal while being totally reflected by the interface 

75 a plurality of times and reaches to the photoemis- 
sive layer 43 through the low-refractive-index layer 
41 and the conductive layer 42. 

Of the rays which are incident on the interface 
at an angle 6 smaller than the critical angle Bc % a 

20 ray R2 propagating toward the photoemissive layer 
43 successively diffuses into the adjacent columnar 
crystals 33 and is incident at an angle a on a point 
C on the interface between the phosphor layer 38 
and the low-refractive-index layer 41 , which point is 

25 located far away from the emission point B in the 
lateral direction of the phosphor layer 38. 

In this case, since the upper surface of the 
phosphor layer 38 is substantially mirror-polished, 
if the relative refractive index Nr of the low- 

30 refractive-index layer 41 with respect to the phos- 
phor satisfies equation (a), all the rays R2, which 
are incident on the interface between the columnar 
crystal 33 and the gap 34 at the angle $ < 0c, are 
totally reflected at the point C and hence are not 

35 incident on the photoemissive layer 43. Each ray 
R2 totally reflected at the point C successively 
diffuses into the adjacent columnar crystals 33 and 
is incident on the coat 46 at the angle a. However, 
since the light-absorbing film 32 having a high 

40 absorptance of 90 to 95% for fluorescence is 
formed between the coat 46 and the phosphor 
layer 38, the ray R2 is effectively absorbed by the 
film 32 and disappears. 

Note that the refractive index N of Si02 con- 

45 stituting the low- refractive-index layer 41 is about 
1 .49 and satisfies inequality (b). Therefore, the ray 
R2 is eliminated without being incident on the 
photoemissive layer 43. 

In contrast to this, a ray R3 emitted from the 

so emission point B and diffusing toward the coat 46 
is absorbed by the light-absorbing layer and dis- 
appears. 

Even in the third embodiment having the 
above-described arrangement, the rate, at which 
55 fluorescent components represented by the rays 
R2 and R3 and causing degradation in the resolu- 
tion characteristics of the input screen 26 are in- 
cident on the photoemissive layer 43, can be great- 
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ly decreased. For this reason, the MTF characteris- 
tics of the input screen 26 are greatly improved as 
compared with the MTF characteristics of the con- 
ventional input screen. Therefore, the MTF char- 
acteristics of the X-ray image Jntensifier having the 
input screen 26 are greatly improved as compared 
with the X-ray image intensifier having the phos- 
phor layer whose thickness is the same as that of 
the phosphor layer of the input screen 26. In addi- 
tion, according to the third embodiment, since the 
phosphor layer 38 is formed by depositing a phos- 
phor on a mirror-polished surface of a moid, the 
separated surface of the phosphor layer, i.e., the 
upper surface can be formed into a better mirror 
surface than those in the first and second embodi- 
ments. Therefore, fluorescent components causing 
degradation in the resolution characteristics can be 
more reliably reflected and eliminated. 

Fig. 9 shows an input screen of an X-ray image 
intensifier according to a fourth embodiment of the 
present invention. 

In the fourth embodiment, an input screen has 
the same structure as that of the input screen in 
the third embodiment, and only a method of manu- 
facturing the input screen is different from that of 
the third embodiment. 

According to the fourth embodiment, a moid 
identical to the mold 50 in the third embodiment is 
used. A low-refractive-index layer 41 made of NaF 
is deposited on the mirror-polished convex surface 
of the moid to a thickness of about 2 am under a 
high vacuum of 1 * 10~ 5 Torr or less. 

On the upper surface of the layer 41, a phos- 
phor layer 3B formed of a large number of Csl/Na 
phosphor columnar crystals 33, a light-absorbing 
layer 32 made of carbon, and an Si0 2 coat 46 are 
sequentially formed by the same method as in the 
third embodiment. 

Then, the mold 50 and a multilayer film 48 
constituted by the low-refractive-index layer 41 , the 
phosphor layer 38. and the like which are formed 
on the mold 50 are heated. As a result, the mul- 
tilayer film 48 is separated from the mold 50 due to 
the difference in thermal expansion coefficient be- 
tween the mold and the low-refractive-index layer. 
A transparent conductive film- 42 and a photoelec- 
tric layer 43 formed of, e.g., K 2 CsSb are sequen- 
tially formed on a separated surface 41a of the 
layer 41 . 

According to the input screen 26 manufactured 
in this manner described above, the refractive in- 
dex N of NaF constituting the low-refractive-index 
layer 41 is about 1 .32 and hence satisfies inequal- 
ity (b). Similar to the third embodiment, therefore, 
fluorescent components as factors causing deg- 
radation in the resolution characteristics of the in- 
put screen 26 are totally" reflected by the interface 
between the phosphor layer 38 and the low- 
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refractive-index layer 41 and subsequently disap- 
pear. Hence, the MTF characteristics of the input 
screen and of the X-ray image intensifier can be 
improved as compared with the conventional X-ray 

5 image intensifier. 

In addition to the advantages obtained in the 
third embodiment, the input screen of the fourth 
embodiment has the following advantage. 

In the input screen of the third embodiment, as 

70 shown in Figs. 7 and 8, a large number of pinholes 
45 are formed in the low-refractive-index layer 41 
and the conductive layer 42. because of the gaps 
• 34 between the columnar crystals 33. These pin- 
holes 45 adversely affect the sensitivity of the 

75 photoemissive layer 43. More particularly, the 
photoemissive layer 43 is formed at a high tem- 
perature of 100* C or more. For this reason, the 
substance which constitutes the photoemissive lay- 
er gradually diffuses into the phosphor layer 38 

20 through the pinholes 45 during formation of the 
photoemissive layer 43. As a result, the sensitivity 
of the photoemissive layer 43 is degraded at the 
end of the formation thereof. 
• In contrast to this, according to the input 

25 screen of the fourth embodiment, since the low- 
refractive-index layer 41 is deposited on the mirror- 
polished surface of the mold 50, a high degree of 
continuity and denseness of the layer 41 can be 
ensured, and no pinholes are formed. Therefore, no 

30 pinholes are formed in the transparent conductive 
film 42 formed on the layer 41. This prevents 
degradation in sensitivity of the photoemissive lay- 
er 43 at the time of the formation thereof. 

In an input screen having the same arrange- 

35 ment as that described in the third and fourth 
embodiments, the thickness of the phosphor layer 
38 was set to be 1,000 urn which is about 2.6 
times that of the phosphor layer in the embodi- 
ments. In an X-ray image intensifier using this input 

40 screen, the same MTF characteristics as those of 
the conventional input screen were obtained. In 
addition, the X-ray absorptance was increased, and 
a better image having less X-ray quantum noise 
was obtained as compared with the conventional 

45 input screen. Hence, it was confirmed that the input 
screen was effective for X-ray diagnosis. 

In the third and fourth embodiments, the sur- 
face of the phosphor layer 38. on which X-rays are 
incident, is not flattened. Therefore, the fluorescent 

so components causing degradation in the MTF char- 
acteristics can be effectively caused to evade the 
input screen without being reflected by the incident 
surface of the phosphor layer 38. Thus, the MTF 
characteristics of the input screen can be improved 

55 without the light-absorbing layer 32 as compared 
with the conventional input screen. 

In the third and fourth embodiments. SiO? is 
used as a material for the coat 46 for reinforcing 
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the phosphor layer. However, other materials can 
be arbitrarily selected for the coat 46, For example, 
if CdS or the like is used, a coat also having the 
function of the light-absorbing layer 32 can be 
obtained. 

By properly selecting the deposition conditions 
of the Csl/Na phosphor of the phosphor layer 38, 
the mechanical binding force between the colum- 
nar crystals 33 can be increased within the range 
in which the light guide effect of the columnar 
crystals 33 is not substantially reduced, thereby 
omitting the reinforcement by means of the coat 
46. 

In the first to fourth embodiments, Si02 and 
NaF are selected as materials for the iow- 
refractive-index layer 41. However, LiF, CsF, CaF 2 , 
BaF 2 . MgF 2 . Na 3 , AtF 5t or the like may be se- 
lected as a material satisfying inequality (b), or a 
multilayer structure formed by laminating some of 
these materials may be used. 

The refractive index N of the low-refractive- 
index layer 41 which satisfies inequality (b) is con- 
sidered as an optimal value in terms of an improve- 
ment in the resolution characteristics of an input 
screen. However, even if the refractive index N 
does not satisfy inequality (b), the resolution of the 
input screen can be improved as compared with 
the conventional input screen as long as N is 
smaller than the refractive index (about 1.84) of Csl 
constituting the phosphor layer. Kl t KBr, LaF 3 , 
NdF 3 , CeF 3l or the like can be selected as such a 
material for the low-refractive-index layer 41. 

In the above-described embodiments* carbon 
or Ni-Cr alloy is used for the light-absorbing layer 
32. However, other materials having high absorp- 
tances in the fluorescent light range can be ar- 
bitrarily selected as materials for light-absorbing 
layers. 



Claims 

1 . An X-ray image intensifier comprising: 
an input screen (26) for converting incident X-rays 
into photoelectrons; and 

an output screen (27), arranged to oppose said 

input screen, for converting the photoelectrons into 

visible light; 

characterized in that 

said input screen (26) includes: 

a substrate (31), 

a phosphor layer (38) formed on said substrate and 
having a large number of columnar crystals (33) of 
a phosphor which extend from said substrate to- 
ward said output screen (27), said columnar cry- 
stals having end faces constituting a smooth sur- 
face facing said output surface, 
a low-refractive-index layer (41) formed on said 
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phosphor layer and made of a material having a 
refractive index smaller than a refractive index of 
said phosphor, with respect to the light having a 
specified wavelength, at which the fluorescence of 
5 the phosphor is the most intensive, and 

a photoemissive layer (43) formed directly or in- 
directly on said low-refractive-index layer, 

2. An X-ray image intensifier according to claim 
1 , characterized in that said input screen (26) com- 

10 prises a light-absorbing layer (32), formed between 
said substrate (31) and said phosphor layer (38), 
for absorbing at least part of fluorescence emitted 
by said phosphor. 

3. An X-ray image intensifier according to claim 
75 2, characterized in that said light-absorbing layer 

(32) is formed of a material selected from the 
group consisting of an Ni-Cr alloy and carbon. 

4. An X-ray image intensifier according to claim 
1, characterized in that said low-refractive-index 

20 layer (41) is formed of at least one of materials 
selected from the group consisting of Si0 2 , NaF, 
LiF, CsF, CaF 2 , BaF 2l MgF 2 , Na 3 AtF e , Kl. KBr. 
LaF 3 , NdF 3t and CeF 3 . 

5. An X-ray image intensifier according to claim 
25 1, characterized in that said phosphor essentially 

consists of Csl: Na. 

6. An X-ray image intensifier according to claim 
1, characterized in that said low-refractive-index 
layer (41) has a refractive index of not more than 

30 1 .54. 

7. An X-ray image intensifier according to claim 
1 , characterized in that said input screen (26) com- 
prises a second phosphor layer (37) formed of a 
phosphor having substantially the same refractive 

35 index as that of said phosphor and formed between 
said phosphor layer (36) and said low-refractive- 
index layer (41 ). 

8. An X-ray image intensifier according to claim 
1, characterized in that said columnar crystals (33) 

40 are arranged with gaps (34) therebetween for opti- 
cally isolating said crystals from one another, each 
of said columnar crystals having a distal end por- 
tion kept apart from said substrate (31), and the 
distal end portion having a larger cross-section 

45 than that of other portion of the crystal. 

9. An X-ray image intensifier comprising: 

an input screen (26) for converting incident X-rays 
into photoelectrons; and 

an output surface (27), arranged to oppose said 
so input screen, for converting the photoelectrons into 
visible light; 
characterized in that: 
said input screen (26) includes: 
a phosphor layer (38) having a smooth emergence 
55 surface facing said output screen (27), an inci- 
dence surface opposite said emergence surface, 
on which X-rays are incident, and a large number 
of columnar crystals (33) of a phosphor which 
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extend between said incidence and emergence 
surfaces, 

a low-refractive-index layer (41) formed on said 
emergence surface of said phosphor layer and 
having a refractive index smaller than that of said 
phosphor, with respect to the light having a speci- 
fied wavelength, at which the fluorescence of the 
phosphor is most intensive, and 
a photoemissive layer (43) formed directly or in- 
directly on said low-refractive-index layer. 

10. An X-ray image intensifier according to 
claim 9, characterized in that said phosphor layer 
(38) is formed by growing said large number of 
columnar crystals (33) on a smooth surface of a 
mold (50) which has a predetermined shape, and 
separating said grown columnar crystals from the 
mold, a separated surface (38a) of said phosphor 
layer, which is separated from the mold, constitut- 
ing said emergence surface. 

11. An X-ray image intensifier according to 
claim 9, characterized in that said phosphor layer 
(38) is formed by forming said low-refractive-index 
layer (41) on a smooth surface of a mold (50) 
which has a predetermined shape, and growing 
said large number of columnar crystals (33) on said 
formed low-refractive-index layer, said emergence 
surface of said phosphor layer being constituted by 
a contact surface between said columnar crystals 
and said low-refractive-index layer, and said 
photoemissive layer (43) being formed directly or 
indirectly on a separated surface (41a) of said low- 
refractive-index layer, which is separated from the 
mold. 

12. An X-ray image intensifier according to 
claim 9, characterized in that said input screen (26) 
comprises a light-absorbing layer (32), formed on 
said incidence surface of said phosphor layer (38), 
for absorbing part of fluorescence emitted by said 
phosphor. 

13. An X-ray image intensifier according to 
claim 12, characterized in that said input screen 
(26) comprises a protective film (46), formed on 
said light-absorbing layer (32), for reinforcing said 
phosphor layer. 

14. A method of manufacturing an input 
screen, for converting incident X-rays into 
photoelectrons, characterized by comprising the 
steps of: 

preparing a mold (50) having a smooth surface with 
a predetermined shape; 

forming a phosphor layer (38), having a large num- 
ber of columnar crystals (33) of a phosphor, on 
said surface of the mold; 

separating said formed phosphor layer from the 
mold; 

forming a low-refractive-index layer (41), having a T 
refractive index smaller than that of said phosphor, 
on a separated surface (38a) of said phosphor 
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layer, which is separated from said mold; and 
forming a photoemissive layer (43) directly or in- 
directly on said low-refractive-index layer. 

15. A method according to claim 14, character- 

5 ized in that said step of forming phosphor layer 
(38) includes forming crystal particles (33a) of said 
phosphor on the surface of the mold (50). and 
growing columnar crystals (33) of said phosphor on 
said crystal particles. 

70 16. A method according to claim 14, character- 

ized in that said separating step includes heating 
said mold (50) and said phosphor layer (38), and 
separating said phosphor layer from the mold due 
to a difference in thermal expansion coefficient 

75 therebetween. 

17. A method according to claim 14, character- 
ized by further comprising the step of forming a 
protective film for reinforcing said phosphor layer 
(38) on said phosphor layer before said separating 

20 step. 

18. A method according to claim 14, character- 
ized by further comprising the steps of forming a 
light-absorbing film (32) for absorbing part of flu- 
orescence emitted by said phosphor on said phos- 

25 phor layer before said separating step, and forming 
a protective film (46) for reinforcing said phosphor 
layer on said light-absorbing film. 

19. A method of manufacturing an input screen 
for converting incident X-rays into photoelectrons, 

30 characterized by comprising the steps of: 

preparing a mold (50) having a smooth surface with 
a predetermined shape; 

forming a low-refractive-index layer (41) on the 
surface of the mold; 
35 forming, on said low-refractive-index layer, a phos- 
phor layer (38) having a large number of columnar 
crystals (33) of a phosphor having a higher refrac- 
tive index than that of said low-refractive-index lay- 
er; 

40 separating said low-refractive-index layer, on which 
said phosphor layer is formed, from the mold; and 
forming a photoemissive layer (43) directly or in- 
directly on a separated surface (41a) of said low- 
refractive-index layer, which is separated from the 

45 mold. 

20. A method according to claim 19. character- 
ized in that said step of forming phosphor layer 
includes forming crystal particles (33a) of said 
phosphor on said low-refractive-index layer (41). 

so and growing columnar crystals (33) of said phos- 
phor on said crystal particles. 

21. A method according to claim 19. character- 
ized in that said separating step includes heating 
said mold (50) and said low-refractive-index layer 

55 (41) on which said phosphor layer (38) is formed, 
* and separating said low-refractive-index layer from 

the mold due to a difference in thermal expansion 

coefficient therebetween. 
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© An X-ray image intensifier includes an input 
screen (26) for converting incident X-rays into 
photoelectrons, and an output screen for converting 
the photoelectrons into visible light. The input screen 
includes a phosphor layer (38). The phosphor layer 
has a large number of columnar crystals (33) of a 
phosphor which have end faces constituting a 
smooth surface facing the output screen. A low- 



refractive- index layer (41) is formed on the phosphor 
layer and made of a material having a refractive 
index smaller than a refractive index of the phos- 
phor, with respect to the light having a specified 
wavelength, at which the fluorescence of the phos- 
phor is the most intensive. A photoemissive layer 
(43) is formed directly or indirectly on the low- 
refractive-index layer. 
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